In recent years the molecular characterization of cellular processes has moved to a systems level. For example, the cellular response of T-lymphocytes to various stimuli has been systematically characterized at the level of transcription (1), translation (2) , and protein phosphorylation (3) . Given the major technological advances in the analysis of proteins and protein complexes, it is somewhat surprising that comparable systems level approaches for analyzing signaling-dependent changes in protein interaction networks are still missing. Complexes of signaling proteins are key determinants for the integration of signals from different cell surface receptors.
Instead of a direct analysis of interaction networks in signaling-active cells, interaction networks have mostly been inferred by mapping of binary interactions as exemplified by two-hybrid screens (4) . Moreover system-wide mappings of molecular complexes and detection of signaling-dependent formation of complexes have been performed through tag-based pulldowns (5, 6) . However, this approach requires the introduction of tagged proteins into many separate cell populations and therefore does not provide comprehensive information on the overall pattern of molecular interactions in unmodified cells. The highly parallel detection of signaling-dependent changes in the pattern of molecular interactions in an unmodified cellular system is therefore still an unmet challenge. Here we demonstrate the use of peptide microarrays for this purpose.
We have shown previously that a peptide immobilized on a surface may be used to probe for changes in the availability of a protein domain involved in a signaling-dependent proteinprotein interaction (7) . This approach was now generalized for the parallel detection of changes in the pattern of interactions in T-cell receptor-dependent signal transduction. In addition, we exploit that proteins directly binding to a capture peptide bring along their interaction partners, making these microarrays a highly parallel variant of coprecipitation techniques.
Interaction domains recognizing short linear peptide motifs play a major role in mediating protein-protein interactions in signaling pathways (8) . T-cell receptor-dependent signal transduction is representative for signaling pathways in which interactions mediated via linear peptide motifs play a major role. Src homology (SH) 1 2 domains interacting with phospho-tyrosine (Tyr(P)) peptide motifs and SH3 domains interacting with polyproline (poly(Pro)) peptide motifs dominate in this network. Other prominent examples are the signaling pathways downstream of the ErbB receptor family, of the plateletderived growth factor receptor, and of the insulin receptor (9, 10) . The InterPro database (www.ebi.ac.uk/interpro) catalogues 322 human SH2 domains interacting with Tyr(P) peptide motifs and 661 human SH3 domains interacting with poly(Pro) peptide motifs. Upon T-cell activation, a tyrosine kinase cascade involving LCK and ZAP70 leads to the phosphorylation of several tyrosine residues of LAT (11). The phosphorylated LAT scaffold then acts as a germinal center for the formation of a multiprotein complex (12) (13) (14) . The so-called LAT signalosome plays a key role in the distribution of the signal to various downstream pathways (15, 16) . For these early steps in T-cell signaling our peptide arrays provided comprehensive information on the molecular organization and functional interdependence of molecular interactions.
EXPERIMENTAL PROCEDURES
Cell Culture, Stimulation, and Preparation of Cell Lysates-The leukemic human T-helper cell line Jurkat (17) , its LCK-deficient derivative JCaM1.6 (18) , and the PLC␥1-deficient derivative J.gamma1 (19) (ATCC, Manassas, VA) were cultivated in RPMI 1640 medium (PAN-Biotech, Aidenbach, Germany) with 10% fetal calf serum (PANBiotech) at 37°C in 5% CO 2 . For TCR stimulation, cells at a density of 1 ϫ 10 7 cells/ml were resuspended in ice-cold HEPES-buffered saline (HBS; 10 mM HEPES, 135 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2 , pH 7.4) supplemented with 0.1% BSA and 5 mM glucose containing 10 g/ml anti-CD3 and/or anti-CD28 antibody (clones OKT3/9.3, G. Jung, Department of Immunology, University of Tü bingen) or the isotype control (mouse IgG2a, Sigma) and were incubated on ice for 10 min. Then the cross-linking secondary antibody (goat anti-mouse Ig, Calbiochem) was added to a final concentration of 20 g/ml, and samples were immediately transferred to 37°C for the time indicated. For stimulation via broad range phosphatase inhibition, cells were treated in the same medium for 20 min at 37°C with 0.5 mM pervanadate (20) . Using cells expressing a green fluorescent protein fusion protein of the kinase ZAP70 we had established previously that 20 min of incubation with pervanadate yielded a pronounced translocation of the protein to the plasma membrane (7). 5 min of incubation with pervanadate was too short to observe this effect. Pervanadate was freshly prepared by reaction of 5 mM Na 3 VO 4 with 5 mM H 2 O 2 in HBS for 15 min at room temperature.
Stimulation was stopped by placing the samples on ice and washing the cells in ice-cold HBS. For lysis, cells at a density of 2 ϫ 10 7 cells/ml were resuspended in ice-cold lysis buffer (1% Triton X-100, 50 mM n-octyl ␤-D-glucopyranoside (Fluka), 20 mM Tris, 1 mM EDTA, 150 mM NaCl, 1 mM Na 3 VO 4 , pH 7.5, and protease inhibitor mixture (Roche Applied Science)) and incubated on ice for 60 min. ␤-DGlucopyranoside ensured the efficient extraction of phosphorylated LAT residing in membrane rafts. For the assessment of peptide effects, peptides were added from DMF stock solutions to the lysis buffer (to a DMF concentration of 1% in the lysate) prior to lysis in the following concentrations unless indicated otherwise: LATpY191, 20 M; LATpY132, 0.5 M; SLP228, 20 M; and SLP179, 20 M. Crude lysates were clarified by centrifugation at 20,000 ϫ g for 15 min, and total protein concentration was determined by a standard protein assay (Bio-Rad) and adjusted to the same concentration for each sample. These lysates were used on the peptide arrays without further workup.
Peptides-Peptide sequences were derived from binding motifs described in the literature (Supplemental Table 1 ). Peptides were 15-20 amino acids long. The binding motifs themselves are only about 4 -7 amino acids long and were centrally positioned in the peptides. Peptides containing Cys in positions close to the binding motif itself were avoided. Instead of including spacer building blocks between the N-terminal cysteine residue and the domain-binding motif such as for example 6-aminohexanoic acid, we added some extra amino acid residues from the protein sequence. Peptides were acquired from EMC microcollections (Tü bingen, Germany), analyzed by MALDI-TOF and HPLC, and purified as described previously (7) . All peptides carried an additional N-terminal Cys residue for immobilization on epoxy-activated surfaces. Peptide designations begin with a superscript "pep" and are composed from the name of the protein from which they were derived and either the position of the Tyr(P) residue in the whole protein (for Tyr(P) peptides) or the position of the first residue in the peptide (for poly(Pro) and other peptides).
Generation of Microarrays-Peptides were freshly diluted from DMF stock solutions to a spotting concentration of 100 M in 0.1 M phosphate buffer (pH 8.0). 16 identical arrays of up to 9 ϫ 9 spots per array were spotted on epoxy-functionalized glass slides (Nexterion Slide E, Schott, Jena, Germany) at a relative humidity of 70% using a GeSiM NP2.0 nanopipettor (GeSiM, Dresden, Germany). A fluorescein-labeled control peptide was spotted to assist the orientation. Per peptide, duplicate spots of 1.2 nl each were spotted with a centerto-center spacing of 500 m. Slides were incubated with of O,OЈ-bis(2-aminopropyl)polyethylene glycol 800 (Fluka) at 70°C for 16 h to quench the remaining reactive epoxy groups. After cooling, slides were rinsed with deionized water, dried in a stream of filtered processed air, and stored at 4°C.
Incubation of Arrays and Immunofluorescence-Before incubation, slides carrying arrays were washed with lysis buffer and double distilled water and dried in a stream of filtered processed air. A 16-well clip-on frame (ProPlate Multiarray System, Grace Biolabs, Molecular Probes, Eugene, OR) was assembled with the slide to create a separate incubation chamber for each array. Arrays were blocked with 1% Top-Block (Fluka) in PBS for 1 h, washed with TPBSB (PBS, 0.05% Tween, 0.05% BSA), and incubated with 50 l of cell lysate/chamber at 4°C for 1 h. Then the arrays were washed with TPBSB, incubated with 2 g/ml primary antibody in TPBSB at room temperature for 15 min, washed again with TPBSB, and incubated with 1 g/ml secondary antibody in TPBSB at room temperature for 10 min. Subsequently arrays were washed with TPBSB, rinsed with double distilled H 2 O, and dried in an air stream. Per array, two primary antibodies were used, one from mouse and one from rabbit. Secondary antibodies were goat anti-mouse Alexa546 and goat anti-rabbit Alexa633 (Molecular Probes/Invitrogen). For each primary antibody used, a negative control was carried out by immunostaining of an array without prior incubation with lysate. The specificity of detection antibodies was validated by Western blotting. Slides were scanned at 10-m resolution on a ScanArray array scanner (PerkinElmer Life Sciences) using lasers of 543 and 633 nm for excitation.
Image Analysis and Data Processing-Semiautomatic image analysis was performed using Array Pro (Media Cybernetics, Silver Spring, MD). For each experiment, the image of the array was overlaid with a grid corresponding to the array layout. The net signal intensity of each spot (I spot net ) was determined by subtracting the background intensity of a ring around the spot (I spot net ϭ I spot Ϫ I local background ). Further data processing was carried out in Excel. Negative I spot net values were considered no signals and set to 0.
From I spot net of each peptide spot and incubation condition, the respective signal of the antibody control was subtracted (I spot cont ϭ I spot net Ϫ I controlspot net ). If a negative I spot cont value was the result, it was set to 1 to enable further batch calculations. I spot cont values of the stimulated conditions were divided by the corrected signal intensity of the unstimulated condition from respective peptide spots if at least one of the values was above a certain threshold. Thresholds were 100 for pervanadate (PV) stimulation experiments and 50 for antibody stimulation. Thresholds were established empirically. Results of several experiments were combined by calculation of the medians of the ratios, rendering the analysis more robust toward outliers.
RESULTS
Experimental Design-16 identical peptide arrays per glass slide were individually incubated with cell lysates. Each array was immunostained for two bound proteins using primary antibodies from mouse and rabbit and species-specific distinctly labeled secondary antibodies (Fig. 1A) . The peptides were selected as a set of known binding motifs for interaction domains of proteins involved in T-cell signal transduction with a focus on interactions up-and downstream of the scaffolding protein LAT (Supplemental Table 1 weakly bound proteins, antibody incubation and washing were as brief as possible. Judged by the intensity of immunostaining, proteins showed a strong preference for peptides representing binding motifs for the respective domain subtype, notably peptides derived from known binding partners (Fig. 1B) .
Phosphorylation-dependent Changes in Interaction Profiles-The formation of protein complexes upon tyrosine phosphorylation plays a major role in T-cell signaling. To initiate the formation of such complexes, we used the phosphotyrosine phosphatase inhibitor pervanadate (20) . Lysates of resting or pervanadate-treated Jurkat T-cell leukemia cells were incubated on separate arrays (Fig. 1, A and C) , and signal ratios of corresponding peptides were calculated ( Fig.   2A ). For interactions of SH2 domain-containing proteins on Tyr(P) peptides representing known binding partners, pervanadate induced a moderate signal decrease as for example for GADS, GRB2, and PLC␥1 on the respective pep LATpY motifs. This decrease was in line with our previously demonstrated concept that phosphorylation-dependent complex formation masks binding sites of proteins and therefore reduces binding to cognate immobilized phosphopeptides (7 In addition, proteins lacking SH3 domains were also detected on the SH3 domain-binding poly(Pro) peptides ( Fig.  2A) , suggesting recruitment to the array in a complex with a direct binding partner for an immobilized poly(Pro) peptide. Signal increases for these proteins were much stronger than for proteins for which direct binding was possible. For example, LAT displayed a stimulation-dependent median 74-fold increase of signal on pep SLP228 (Figs. 1C and 2A ). This binding could be mediated by an SH2/SH3 domain adapter like GADS or GRB2, which were also detected. Signals for which the subtype preference of the respective domain was violated could also originate from the binding of complexes rather than direct interactions. For example, the LAT interactor PLC␥1 was detected on pep SLP228 with a median increase upon stimulation of 4400. Likewise the increase of the GRB2 signal on pep SIGpY437 could be explained by a phosphorylation-dependent interaction between GRB2 and SHPTP2 and binding of SHPTP2 to pep SIGpY437. The absolute signal intensities also provided evidence for the binding of protein complexes to the arrays (Fig. 1C) PAK6 . If a mere change in the availability of the SH3 domain of PLC␥1 was the reason for a signal increase, then the signal should increase uniformly on all peptides. The reversal in the order of signal intensities therefore suggests that a portion of PLC␥1 was present in complexes recruited to the array via the SH3 domain of another protein.
Dissection of Complex Architectures by Peptide
Competition and Titration-Next we sought to devise a general strategy for translating the changes of signals on the microarrays into testable hypotheses on the architecture of signaling complexes. First an interaction network was deduced from the microarray information (Fig. 3) . In the network, signals involving GADS, PLC␥1, SLP76, and LAT and their respective peptides, all proteins that are part of the LAT signalosome, are highly interconnected (Fig. 4A) (12-14, 16 ). Considering direct and indirect interactions, different possibilities exist to explain the signals on pep SLP228 (Fig. 4B ) or on pep LATpY191 (Fig. 4C) .
We had shown previously that in cell lysates the PLC␥1-LAT interaction was competed by incubation with Fig. 2A . Nodes of the network represent the peptides on the arrays (white boxes) and/or the proteins probed for by immunofluorescence (gray boxes). The line width represents the signal intensity of the protein on the respective peptide for the unstimulated condition with the tip of the arrow going from the detected protein to the peptide. The line color represents the signal ratio of PV-treated to resting condition as introduced in Fig. 2A . In contrast to networks inferred from a systematic mapping of molecular interactions using e.g. yeast two-hybrid screens (4) (22) . Incubation of lysates with competitor peptides prior to incubation on the array should therefore also disrupt complexes. The resulting changes in the pattern of signals should then enable the determination of the binding mode. For example, if three proteins were bound as a linear complex, then incubation with peptides corresponding to individual interaction motifs should selectively remove one, two, or all three proteins from the array. On pep SLP228, the signals of GADS, LAT, and PLC␥1 were all sensitive to pep SLP228 (Fig.  4B ). Upon addition of pep LATpY191, the signals of LAT and PLC␥1 decreased, whereas the signal of GADS was not affected. In contrast to the LAT signal, the PLC␥1 signal was also sensitive to pep LATpY132. Taken together, these data are fully consistent with the GADS-mediated binding of a complex consisting of GADS, LAT, and PLC␥1 (Fig. 4C) . The dependence of these interactions on the activation-induced phosphorylation of LAT also explains the strong activation-dependent increase of the LAT and PLC␥1 signals on the array.
Peptide competition of GADS, SLP76, and PLC␥1 on the immobilized pep LATpY191 provided further information on the signaling-dependent reorganization of these proteins. All proteins contain SH2 domains and might therefore bind the peptide independently. Alternatively GADS and PLC␥1 might engage in activation-independent interactions mediated via specific poly(Pro) motifs on SLP76 (Fig. 4D) . GADS, SLP76, and PLC␥1 were all sensitive to pep LATpY191. However, only SLP76 and PLC␥1 were sensitive to pep SLP228. Peptides pep SLP179 and pep LATpY132 most strongly affected PLC␥1; however, signals for the other proteins were also reduced (Fig.  4E) . The latter observations suggest that further interactions, e.g. of the PLC␥1 SH2 domain with the peptide microarray, also stabilize the complex. To determine to which degree the SLP76 poly(Pro)-mediated interactions were present constitutively, lysates of resting cells were also incubated with competitor peptides. SLP76 was fully dissociated by incubation with pep SLP228, consistent with the presence of a preformed complex between GADS and SLP76 mediated by the constitutive interaction of GADS with the atypical pep SLP228 poly(Pro) motif (12) . For PLC␥1, the changes were less pronounced. Incubation with pep SLP228 led to some reduction of signal; however, pep SLP179 was without effect. In accordance with the changes observed on the array after activation for the pep SLP228 spot, these results indicate that more PLC␥1 entered a GADS-containing complex (Fig. 4E) .
Systems-oriented Dissection of Molecular InteractionsHaving performed a targeted disruption of molecular complexes, we next aimed to determine the significance of individual interaction motifs on a systems level. For seven proteins, binding to the array was titrated with either pep LATpY132 or pep LATpY191 (Fig. 5 and Supplemental Fig. S1 ). Overall pep LATpY191 had a more pronounced effect on the pattern of interactions than did pep LATpY132 that may be explained by the broader specificity of pep LATpY191 for different types of SH2 domains (11, 14, 23) (Fig. 5A) . Binding of PLC␥1 to most poly(Pro) peptides was also inhibited, indicating a mediation of interactions by other proteins to which PLC␥1 binds via its SH2 domains. This experiment also demonstrates that the interaction of LAT with proteins that contain polyproline motifbinding SH3 domains is mediated via proteins binding to pep LATpY191. For LAT and PLC␥1 on the pep SLP228 spot, signal losses upon addition of pep LATpY191 occurred with the same concentration dependence (Fig. 5B) , whereas for pep LATpY132 only PLC␥1 dissociated, supporting the binding order inferred from the simple peptide competition experiment (Fig. 4B) .
Effect of Single Protein Deficiency on the Interaction Network-The titration experiments had revealed the significance of individual interaction motifs for the functional organization of the interaction network. Next we examined the impact of the loss of a multidomain protein involved in multiple complexes by using the PLC␥1-deficient Jurkat derivative J.gamma1 (19) . For proteins supposed to bind directly to immobilized peptides (e.g. GADS and GRB2 on pep LATpY191 and pep SLP228), only marginal effects of PLC␥1 deficiency were observed ( Fig. 2B and Supplemental Fig. S2 ). For resting PLC␥1-deficient cells, binding of LAT to poly(Pro) peptides was increased compared with resting Jurkat cells. In contrast, for activated PLC␥1-deficient cells, the phosphorylation-dependent recruitment of LAT to poly(Pro) peptides was inhibited compared with activated Jurkat cells. Also SLP76 on pep LATpY132 became undetectable for both resting and activated PLC␥1-deficient cells. In contrast, signals of SHPTP2 on poly(Pro) peptides were increased for PLC␥1-deficient cells compared with Jurkat cells for resting and for activated cells (Fig. 6A and Supplemental Fig. S3 ). As SHPTP2 itself does not contain an SH3 domain, this interaction has to be indirect.
As a model for a generally impaired TCR downstream signaling, the LCK-defective Jurkat derivative JCaM1.6 (18) was selected. For the LCK-defective cells, the predominant stimulation-dependent signal decreases that were observed on Tyr(P) peptides for Jurkat cells were largely missing in agreement with the role of LCK in starting a phosphorylation cascade ( Fig. 2C and Supplemental Fig. S4 ). For the LCK-defective cells, PLC␥1 became undetectable on most poly(Pro) peptides likely due to a lack of phosphorylated LAT and SLP76 as mediators of binding (Fig. 2C) . By contrast, per- vanadate-dependent recruitment of SHPTP2 to poly(Pro) peptides even increased for LCK-defective cells compared with Jurkat cells (Fig. 2C) .
Western blotting showed that, except for the deficient proteins, the levels of most proteins probed for on the arrays, notably of LAT and SHPTP2, were the same in Jurkat, J.gamma1, and JCaM1.6 cells (Supplemental Fig. S5 ). Only for PI3K and VAV was less protein detected in JCaM1.6 cells.
Stimulus and Time Dependence of Protein Interactions in T-cell Activation-We next used the peptide arrays to determine the dependence of complex formation on different specific stimuli. Jurkat cells were activated by stimulatory anti-CD3, costimulatory anti-CD28, or both antibodies for variable times, and the microarrays were probed for PLC␥1, LAT, PI3K, SLP76, GADS, and LCK. Distinct signal profiles were obtained for PLC␥1, LAT, SLP76, and PI3K (Fig. 7) . For PLC␥1 and LAT, signal increases on poly(Pro) peptides were strongest after 2 min of CD3 stimulation, suggesting fast Tyr(P)-dependent complex formation and corecruitment to the array. Only on pep SLP228 did CD28 stimulation alone induce slight increases in PLC␥1 recruitment. With CD3/CD28 costimulation signal increases for PLC␥1 were augmented compared with CD3 stimulation and detectable for a longer period of time. For SLP76, signal decreases on LATpY peptides were detected upon CD3 stimulation. This decrease was most pronounced after 10 min of stimulation, indicating that recruitment of SLP76 to the LAT complex occurred with a slower kinetics than the phosphorylation of LAT and recruitment of PLC␥1. For PI3K, no systematic signal changes were observed upon stimulation with CD3 or CD28 alone, whereas costimulation led to a signal decrease. Signal changes upon antibody stimulation had the same direction as signal changes upon pervanadate stimulation (Fig. 7) . Nevertheless the effects of pervanadate stimulation carried out alongside the antibody stimulations were weaker than in the experiments presented above (Fig. 2) ; this may be explained by a preincubation step on ice.
DISCUSSION
Here we demonstrate the highly parallel detection of changes in the pattern of protein-protein interactions and acquisition of information on the architecture of signaling complexes using peptide microarrays. One slide containing 16 arrays with 23 capture peptides each, probed with two antibodies per array, yields 736 data points per slide.
Other recent examples for microarray-based approaches in the highly parallel analysis of molecular interactions have inferred possible signal transduction networks from interactions obtained with recombinant proteins (24, 25) . In contrast, the interaction network derived by our approach provides functional information on activation-dependent changes in molecular interactions. An expression of tagged proteins is not required. We show that time dependence, stimulus dependence, the effect of signaling deficiencies, and the disruption of molecular interactions can be assessed.
Especially on poly(Pro) peptides, we detected numerous proteins without a cognate binding domain. Through titration with peptides corresponding to binding motifs of domains of the detected proteins, we were able to dismantle complexes on the arrays in a stepwise and dose-dependent manner. These experiments allowed a hypothesis-driven verification of models on the architecture of complexes giving rise to the observed combination of signals. Moreover as detailed for Jurkat derivatives deficient in single proteins, our experiments provided comprehensive insights into the functional interdependence of molecular interactions.
Stronger activation-dependent signal increases were ob- A negative control was generated by mock stimulation with an isotype antibody (IgG); a positive control was generated by incubation with PV. In the presence of ␣CD28, signals of murine detection antibodies could not be quantified because of high overall backgrounds, accounting for the data points missing for LAT and SLP76. For PLC␥1 and LAT, signal increases on poly(Pro) peptides were strongest after 2 min of CD3 stimulation, suggesting fast Tyr(P)-dependent complex formation and corecruitment to the array. For SLP76, CD3-induced signal decreases on LATpY peptides were most pronounced after 10 min of stimulation, indicating that recruitment of SLP76 to the LAT complex occurred with a slower kinetics than the phosphorylation of LAT and recruitment of PLC␥1. PAK, p21-activated kinase, serine/threonineprotein kinase.
served for those proteins that could not bind directly to the peptide. In general these peptides bound via phosphorylation-dependent interactions to the poly(Pro) peptide-binding proteins (Supplemental Fig. S6 ). For example, for the activation-induced GADS-LAT-PLC␥1 complex bound to pep SLP228 the magnitude of the activation-dependent signal changes increased with distance from the peptide microarray ( Figs. 2A and 4, B and C, and Supplemental Fig. S6 ). This observation is readily explained by the formation of the binding site only after stimulation. If each of the interactions contributing to a linear complex on the immobilized peptide (peptide-A-B-C) occurred with a different probability after stimulation (peptide-A changing x-fold, A-B changing y-fold, and B-C changing z-fold), then the chance to find C on the immobilized peptide would change x ϫ y ϫ z-fold. This result is consistent with the concept that a scaffolding protein, which links two signaling proteins, may act as signal amplifier (26) .
On phosphotyrosine peptides, secondary interactions were mostly mediated by poly(Pro) motifs, such as detailed for the GADS-SLP76-PLC␥1 complex on pep LATpY191. Correspondingly within one potential complex, relative changes were comparable.
In resting and activated PLC␥1-deficient and activated LCK-defective cells, the binding of SHPTP2 on poly(Pro) peptides was increased compared with Jurkat cells. SHPTP2 on pep SLP228 was sensitive to titration with pep LATpY191 (Fig.  5C ) but was not detected on immobilized pep LATpY191 (Figs.  2 and 6 ). This suggests that the titration with pep LATpY191 rather targeted an SH2 domain binding to phosphorylated SHPTP2 than the SH2 domain of SHPTP2 itself. GRB2 is a likely candidate for mediating this interaction (27) . The different dissociation patterns induced by titration with pep LATpY132 and pep LATpY191 (Fig. 5A ) also suggest that PLC␥1 and SHPTP2 do not directly compete for the same binding sites. Interestingly the levels of LAT on the poly(Pro) spots in resting PLC␥1-deficient cells were increased. These results indicate that in resting cells the presence of PLC␥1 has an effect on the resting state phosphorylation of key signaling proteins in the network and thereby the pattern of preformed complexes. In the PLC␥1-deficient cells, the propagation of the signal should therefore not only be affected by the mere loss of this protein but also by a change in the predisposition of a cell to respond to a stimulus. For PLC␥1-deficient cells, signals for SHPTP2 on poly(Pro) peptides were stronger than for Jurkat cells (Fig. 6A) , further supporting a role of PLC␥1 in antagonizing the recruitment of SHPTP2 into complexes. Additional evidence for this role of PLC␥1 is provided by the analysis of LCK-defective Jurkat cells. Recruitment of PLC␥1 into complexes was strongly reduced, whereas recruitment of SHPTP2 was increased. Moreover this observation indicates that PLC␥1 but not SHPTP2 is downstream of LCK.
For the interplay of the stimulation of TCR/CD3 and CD28 by stimulatory antibodies, our peptide microarrays allowed the analysis of time courses of protein complex formation in a parallel manner. We demonstrate that the recruitment of SLP76 to the LAT signalosome followed a different time course than the recruitment of PLC␥1. Recently an analysis of phosphorylation kinetics in early T-cell signaling showed that phosphorylation of LAT residues Tyr-132 and Tyr-191 reaches maximum levels within 2 min (28) . Our data show that the arrayed pep LATpY191 was maximally competed by its cellular counterpart after 10 min of stimulation, suggesting that LAT phosphorylation is not the rate-limiting step for formation of the LAT signalosome. Only for PI3K was costimulation with anti-CD3 and anti-CD28 required for the detection of changes. For PLC␥1, costimulation led to stronger changes. These results demonstrate the potential of the peptide microarrays for integrated network analysis in systems with multiple stimuli.
In conclusion, peptide microarrays provide a tool for the highly parallel analysis of protein-protein interactions in cellular signal transduction. The benefit of using peptide microarrays goes far beyond a mere saving of time due to the parallel processing of samples and a minimization of sample consumption as demonstrated for the titration of interactions with LAT-derived Tyr(P) motifs. Only through the parallel detection of signaling-dependent changes of the binding of proteins to the array was information obtained on the phosphorylationdependent amplification of signal propagation. Moreover the antagonizing effect of PLC␥1 on the recruitment of SHPTP2 into complexes was detected with minimum a priori knowledge. Classical biochemical co-immunoprecipitation approaches are strictly hypothesis-driven, i.e. pairs of interactions are probed for intentionally.
This approach will further benefit from the use of arrayed peptide libraries derived from the literature and by motif prediction (23, 29) and from antibody libraries that together may simultaneously probe for all potential peptide motif-mediated molecular interactions in a network. Furthermore protein domains immobilized on the array and as competitors for titration will extend the approach to domain-domain interactions. Quantitative analyses of signal changes upon stimulation and competition experiments provide a wealth of information on the functional organization of protein complexes and thus further our understanding of interactions in signal transduction in a systems biological view. 
